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MEMS FLOW MODULE WITH FILTRATION 
AND PRESSURE REGULATION CAPABILITIES 



FIELD OF THE INVENTION 
5 The present invention generally relates to the field of microfabricated devices and, more 

particularly, to a MEMS flow module that is preferably both a filter and a pressure regulator. 



BACKGROUND OF THE INVENTION 
High internal pressure within the eye can damage the optic nerve and lead to blindness. 

10 There are two primary chambers in the eye - an anterior chamber and a posterior chamber that 
are generally separated by a lens. Aqueous humor exists within the anterior chamber, while 
vitreous humor exists in the posterior chamber. Generally, an increase in the internal pressure 
within the eye is caused by more fluid being generated within the eye than is being discharged by 
the eye. The general consensus is that it is the fluid within the anterior chamber of the eye that is 

15 the main contributor to an elevated intraocular pressure. 

One proposed solution to addressing high internal pressure within the eye is to install an 
implant. Implants are typically directed through a wall of the patient's eye so as to fluidly 
connect the anterior chamber with an exterior location on the eye. There are a number of issues 
with implants of this type. One is the ability of the implant to respond to changes in the internal 

20 pressure within the eye in a manner that reduces the potential for damaging the optic nerve. 
Another is the ability of the implant to reduce the potential for bacteria and the like passing 
through the implant and into the interior of the patient's eye. 
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BRIEF SUMMARY OF THE INVENTION 
A first aspect of the present invention is generally directed to a filter assembly. This 
filter assembly includes a first housing, a second housing, and a MEMS filter element. The 
second housing is at least partially disposed within the first housing and includes a first flow 

5 path. The MEMS filter element is mounted to the second housing such that all flow through the 
first flow path is directed through the MEMS filter element. 

Various refinements exist of the features noted in relation to the first aspect of the present 
invention. Further features may also be incorporated in the first aspect of the present invention 
as well. These refinements and additional features may exist individually or in any combination. 

10 The filter assembly may be used for any appropriate application, such as in an implant. The first 
housing may be of any appropriate size and/or configuration, and further may be formed from 
any material or combination of materials. For instance, the first housing may be a rigid body, a 
deformable body, or formed from a combination of rigid and deformable components. 

The second housing used by the first aspect may provide structural integrity for the 

15 MEMS filter element. For instance, the second housing may be a rigid structure, or at least may 
be more rigid than the MEMS filter element. Representative materials from which the second 
housing may be formed include without limitation polymethylmethacrylate (PMMA), titanium, 
and other implantable metals and plastics. The second housing may be of any appropriate shape 
(e.g., a cylinder), but will typically be adapted in some manner for disposition at least partially 

20 within the first housing. In this regard, the first housing may be disposed about the second 
housing along the entire length of the second housing (e.g., each end of the second housing may 
be flush with or recessed inwardly from the corresponding end of the first housing), or only 
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along a portion of the length of the second housing (e.g., one or both ends of the second housing 
may extend beyond the corresponding end of the first housing). 

The second housing is preferably maintained in a stationary or fixed position relative to 
the first housing in the case of the first aspect. For instance, the second housing may be bonded 

5 to the first housing, a press fit may be utilized between the first and second housing, the first 
housing may be shrink-fitted about the second housing, or any combination thereof. A third 
housing may also be at least partially disposed within the first housing, with the MEMS filter 
element being located between adjacent ends of the second and third housings and preferably 
mounted to at least one of the second and third housings. Such a third housing is also preferably 

10 maintained in a stationary or fixed position relation to the first housing in the same manner as the 
second housing. 

The MEMS filter element used by the first aspect may provide one or more functions in 
addition to filtering (e.g., pressure regulation). Multiple locations may be appropriate in relation 
to the MEMS filter element. For instance, the MEMS filter element may be recessed within the 

15 second housing. Consider the case with the second housing includes first and second ends, and 
where the first flow path extends between these first and second ends. The MEMS filter element 
may be located anywhere between these first and second ends. Another option would be for the 
MEMS filter element to be mounted on the first or second end of the second housing. 

Any appropriate way of mounting the MEMS filter element to the second housing may be 

20 used in the case of the first aspect. For instance, the MEMS filter element may be bonded to 
second housing, there may be a press fit between the MEMS filter element and the second 
housing, or both. In any case, preferably the MEMS filter element is maintained in a fixed 
position relative to the second housing. 
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A second aspect of the present invention is directed to a MEMS flow module. This 
MEMS flow module includes a first flow port and a movable tuning element. The position of the 
tuning element is dependent at least in part upon a pressure being exerted on the tuning element 
by a flow entering the MEMS flow module through the first flow port, while a flow rate of a 
5 flow exiting the MEMS flow module in turn is dependent upon a position of the tuning element. 

Various refinements exist of the features noted in relation to the second aspect of the 
present invention. Further features may also be incorporated in the second aspect of the present 
invention as well. These refinements and additional features may exist individually or in any 
combination. The MEMS flow module is preferably a passive device (no external signal of any 

10 type required) and may be used for any appropriate application. For instance, the MEMS flow 
module may be disposed in a flow path of any type (e.g., between a pair of sources of any 
appropriate type, such as a man-made reservoir, a biological reservoir, and/or the environment). 
In one embodiment, movement of the tuning element provides pressure regulation capabilities. 
In another embodiment, the MEMS flow module provides pressure regulation for a flow through 

15 the MEMS flow module in a first direction, and filters a flow through the MEMS flow module in 
a second direction that is opposite the first direction. Consider the case where the MEMS flow 
module is used in an implant to relieve intraocular pressure in a patient's eye, and where the 
MEMS flow module is disposed in a flow path between the anterior chamber of the patient's eye 
and the environment (i.e., exteriorly of the eye). The MEMS flow module may be used to 

20 regulate the flow of fluid out of the anterior chamber of the patient's eye in a manner that 
regulates the pressure in the anterior chamber in a desired manner, and may filter any flow from 
the environment back through the MEMS flow module and into this anterior chamber. The 
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MEMS flow module may be designed for a laminar flow therethrough in this and other instances, 
although the MEMS flow module may be applicable to a turbulent flow therethrough as well. 

The MEMS flow module of the second aspect may include a first plate, that in turn 
includes the first flow port. The first flow port through the first plate may be of any appropriate 
5 size and/or shape. Preferably, the first plate is parallel with a surface of the tuning element that 
faces away from the first plate (at least the general lateral extent of the tuning element). In one 
embodiment, the tuning element is always disposed in spaced relation to the first plate. Another 
embodiment has the tuning element disposed on the first plate until the flow through the first 
flow port exerts at least a certain pressure on the tuning element to move the tuning element 

10 away from the first plate. 

At least one spring may be used to movably interconnect the tuning element with the 
above-noted first plate in the case of the second aspect. Each such spring may be of any 
appropriate size and/or configuration, but should be less rigid than the tuning element. Multiple 
springs will typically be used to allow the tuning element to at least substantially maintain its 

15 orientation when moving in response to a change in the pressure of the flow entering the MEMS 
flow module through the first flow port. 

A first flow channel may be defined by a space between the tuning element and the 
above-noted first plate in the case of the second aspect. The flow entering the MEMS flow 
module through the first flow port may be redirected by the first tuning element into this first 

20 flow channel. This first flow channel may extend at least generally in the lateral dimension, 
including at a right angle to the direction of the flow entering the MEMS flow module through 
the first flow port. In any case, the flow path through the MEMS flow module is preferably non- 
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linear (geometrically) as a result of the tuning element inducing at least one change in direction 
for a flow through the MEMS flow module. 

The above-noted first flow channel may always have a volume greater than zero in the 
case of the second aspect. At least one dimension of this first flow channel may be selected to 

5 provide a filter trap for a flow proceeding through the first flow channel in the direction of the 
first flow port. The spacing between the tuning element at its perimeter and an underlying first 
plate having the associated first flow port(s) may provide this filter trap. Another option is to 
include an annular filter wall that extends down from the tuning element in the direction of any 
underlying first plate. Any such annular filter wall is preferably dimensioned such that that when 

10 this annular filter wall is projected onto the first plate, the resulting area encompasses the first 
flow port. Multiple annular filter walls of this type may be used for the case where multiple first 
flow ports are associated with the tuning element (e.g., each first flow port preferably has an 
associated annular filter wall). Any appropriate type/configuration of filter walls may be used to 
provide a controlled gap for a flow attempting to exit the MEMS flow module through the first 

15 flow port. 

The above-noted first plate in the case of the second aspect may include a first group of a 
plurality of first flow ports, with the tuning element being aligned with each first flow port in this 
first group. That is, a flow through multiple first flow ports may collectively act upon the tuning 
element. The flow through any first flow port in the first group may be required to proceed 
20 around a perimeter of the tuning element before exiting the MEMS flow module. One or more 
tuning element flow ports may extend through the tuning element as well. The plurality of first 
flow ports and the plurality of tuning element flow ports are preferably arranged such that a flow 
through any given first flow port must change direction to flow through any of the tuning 
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element flow ports. One or more tuning element flow ports could be implemented for the case 
where a given tuning element only utilizes a single first flow port as well (e.g., where the 
pressure acting on a tuning element is primarily from a flow through a single first flow port). 

The pressure exerted on the tuning element by a flow through the first flow port has an 

5 effect on the position of the tuning element relative to the first flow port in the case of the second 
aspect. The position of the tuning element in turn determines the flow rate out of the MEMS 
flow module. Generally, the flow rate out of the MEMS flow module may increase as the 
spacing between the tuning element and the first flow port increases, and may decrease as the 
spacing between the tuning element and the first flow port decreases. There are a number of 

10 characterizations that may be made in relation to the tuning element in this regard. One is that 
the tuning element is preferably positioned such that a flow proceeding into the MEMS flow 
module through the first flow port will contact the tuning element (e.g., the streamlines of this 
flow will intersect the tuning element). Further in this regard, the tuning element is positioned 
such that this flow preferably acts orthogonally on the tuning element (e.g., the force exerted on 

15 the tuning element from this flow is "normal" to the corresponding surface of the tuning 
element). The position of the tuning element is dependent upon (at least partially for the case 
where there are multiple first flow ports associated with the tuning element, and possibly entirely 
where the tuning element is associated with a single first flow port) the pressure being exerted on 
the tuning element by a flow entering the MEMS flow module through the first flow port. At 

20 least a certain increase in this pressure will move the tuning element further away from the first 
flow port (e.g., increasing the size of the above-noted first flow channel), while subsequent 
decreases in this pressure will move the tuning element closer to the first flow port (e.g., 
reducing the size of the above-noted first flow channel). 
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The above-noted movement of the tuning element in response to pressure changes is 
itself subject to a number of characterizations. One is that the orientation of the tuning element 
is preferably at least substantially maintained during this movement. Another is that the tuning 
element moves only at least substantially axially. Another is that the distance between the tuning 

5 element and any underlying first plate changes by at least substantially the same amount across 
the entirety of the surface of the tuning element that faces the upper surface of this first plate. 
Yet another is that the cross-sectional area of the above-noted first flow channel (the space 
between the tuning element and the first plate having at least one first flow port) changes 
proportionally in the lateral dimension or along the "length" of the first flow channel. 

10 The MEMS flow module of the second aspect may include a plurality of tuning elements 

of the above-noted type, each having at least one first flow port. Each of these tuning elements 
may be independently mounted on a common first plate by at least one, and more preferably a 
plurality of springs. The MEMS flow module may also include a second plate that is disposed in 
spaced relation to the tuning element(s) in a direction in which the tuning element(s) moves in 

15 response to an increase in pressure thereon from a flow through the corresponding first flow 
port(s). Any such second plate preferably includes at least one, and more preferably a plurality 
of second flow ports. This second plate may be anchored to a first plate having each first flow 
port for each tuning element used by the MEMS flow module. Preferably at least one annular 
support (e.g., any configuration that extends a full 360 degrees about a reference axis to define a 

20 closed perimeter) interconnects any such first and second plates, with all first flow ports and all 
second flow ports preferably being positioned inwardly of this annular support. This second 
plate may include at least one overpressure stop for each tuning element to limit the maximum 
spacing between the tuning element and the first plate. 
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A third aspect is directed to a method for regulating a fluidic output from a first source. 
A fluid from a first source is directed through a MEMS flow module and to a second source. 
The pressure of the first source is regulated by the MEMS flow module in a manner such that an 
increase in a flow rate out of the MEMS flow module is proportionally greater than an increase 

5 in a differential pressure across the MEMS flow module. The MEMS flow module also filters a 
continually open flow path through the MEMS flow module that is fluidly connected with the 
first source. A constituent that enters the MEMS flow module from the second source, that is at 
least of a first size, and that is attempting to proceed along the flow path through the MEMS flow 
module back toward the first source, is retained within the MEMS flow module. 

10 Various refinements exist of the features noted in relation to the third aspect of the 

present invention. Further features may also be incorporated in the third aspect of the present 
invention as well. These refinements and additional features may exist individually or in any 
combination. The first and second sources each may be of any appropriate type, size, and 
configuration (e.g., man-made, biological, the environment). In one embodiment, the first source 

15 is an anterior chamber of a patient's eye, and the second source is the environment external of 
this eye. The MEMS flow module of the second aspect may be used in relation to this third 
aspect. 

BRIEF DESCRIPTION OF THE SEVERAL 
20 VIEWS OF THE DRAWING 

Figure 1 is an exploded, perspective view of one embodiment of a filter assembly that 
uses a MEMS filter module. 

Figure 2 is a perspective view of the filter assembly of Figure 1 in an assembled 
condition. 
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Figure 3A is an exploded, perspective of another embodiment of a filter assembly that 
uses a MEMS filter module. 

Figure 3B is a perspective view of the filter assembly of Figure 3A in an assembled 
condition. 

Figure 4A is an exploded, perspective of another embodiment of a filter assembly that 
uses a MEMS filter module. 

Figure 4B is a perspective view of the filter assembly of Figure 4A in an assembled 
condition. 

Figure 5 A is a schematic (top view) of one embodiment of a MEMS flow module. 

Figure 5B is a cutaway, side view of the MEMS flow module of Figure 5 A, showing only 
the upper and lower plates and the interconnecting annular support. 

Figures 6-10 are each cutaway, side views of various embodiment of MEMS flow 
modules that may be incorporated by the MEMS flow module of Figures 5 A-B, with Figure 7B 
being a top, plan view of a portion of the MEMS flow module of Figure 7A to illustrate one of 
its annular filter walls. 

Figure 1 1 A is a top, plan view of a tuning element unit cell. 

Figure 1 IB is a cutaway, side view of a tuning element having a single tuning element 
unit cell of the configuration of Figure 11 A, where the tuning element is in a first position 
relative to a lower plate of a MEMS flow module. 

Figure 11C is a cutaway, side view of the tuning element of Figure 1 IB in a second 
position relative to the lower plate of the MEMS flow module that allows for an increased flow 
out of the MEMS flow module. 
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Figure 12 is a top, plan view of a MEMS tuning element having a plurality of tuning 
element unit cells of the configuration of Figure 1 1A. 

Figure 13 is another embodiment of a MEMS flow module that uses a plurality of the 
tuning elements of Figure 12. 

5 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention will now be described in relation to the accompanying drawings 
that at least assist in illustrating its various pertinent features. Generally, the devices described 
herein are microfabricated. There are a number of microfabrication technologies that are 
10 commonly characterized as "micromachining," including without limitation LIGA (Lithographie, 
Galvonoformung, Abformung), SLIGA (sacrificial LIGA), bulk micromachining, surface 
micromachining, micro electrodischarge machining (EDM), laser micromachining, 3-D 
stereolithography, and other techniques. Hereafter, the term "MEMS device" or the like means 
any such device that is fabricated using a technology that allows realization of a feature size of 
15 10 microns or less. 

Figures 1-2 schematically represent one embodiment of a filter assembly 10 that may be 
used for any appropriate application (e.g., the filter assembly 10 may be disposed in a flow of 
any type, may be used to filter a fluid of any type, may be located between any pair of fluid or 
pressure sources (including where one is the environment), or any combination thereof). 
20 Components of the filter assembly 10 include an outer housing 14, an inner housing 18, and a 
MEMS filter module 22. 

The MEMS filter module 22 is only schematically represented in Figures 1-2, and 
provides at least a filtering function. That is, the MEMS filter module 22 may provide one or 
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more additional functions as well, such as pressure regulation as will be discussed in more detail 
below in relation to the embodiments of Figures 6-13. The MEMS filter module 22 may be of 
any appropriate design, size, shape, and configuration, and further may be formed from any 
material or combination of materials that are appropriate for use by the relevant microfabrication 

5 technology. The main requirement of the MEMS filter module 22 is that it is a MEMS device. 

The inner housing 18 includes a hollow interior or a flow path 20 that extends through the 
inner housing 18 (between its opposite ends in the illustrated embodiment). The MEMS filter 
module 22 may be disposed within the flow path 20 through the inner housing 18 in any 
appropriate manner and at any appropriate location within the inner housing 18 (e.g., at any 

10 location so that the inner housing 18 is disposed about the MEMS filter module 22). Preferably, 
the MEMS filter module 22 is maintained in a fixed position relative to the inner housing 18. 
For instance, the MEMS filter module 22 may be attached or bonded to an inner sidewall of the 
inner housing 18, a press-fit could be provided between the inner housing 18 and the MEMS 
filter module 22, or a combination thereof. The primary function of the inner housing 18 is to 

15 provide structural integrity for the MEMS filter module 22. In this regard, the inner housing 18 
will typically be in the form of a structure that is sufficiently rigid to protect the MEMS filter 
module 22 from being damaged by the forces that reasonably could be expected to be exerted on 
the filter assembly 10 during use in the application for which it was designed. 

The inner housing 18 is at least partially disposed within the outer housing 14 (thereby 

20 encompassing having the outer housing 14 being disposed about the inner housing 18 along the 
entire length of the inner housing 18, or only along a portion of the length of the inner housing 
18). In this regard, the outer housing 14 includes a hollow interior 16 for receiving the inner 
housing 18, and possibly to provide other appropriate functionality (e.g., a flow path fluidly 
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connected with the flow path 20 through the inner housing 18). The outer and inner sidewalls of 
the outer housing 14 may be cylindrical or of any other appropriate shape, as may be the outer 
and inner sidewalls of the inner housing 18. The inner housing 18 may be retained relative to the 
outer housing 14 in any appropriate manner. For instance, the MEMS inner housing 18 may be 

5 attached or bonded to an inner sidewall of the outer housing 14, a press-fit could be provided 
between the inner housing 18 and the outer housing 14, a shrink fit could be provided between 
the outer housing 14 and the inner housing 18, or a combination thereof. 

The inner housing 18 is likewise only schematically represented in Figures 1-2, and it 
may be of any appropriate shape/configuration, of any appropriate size, and formed from any 

10 material or combination of materials (e.g., polymethylmethacrylate (PMMA), titanium, and other 
implantable metals and plastics). Typically its outer contour will be adapted to match the inner 
contour of the outer housing 14 in which it is at least partially disposed. In one embodiment, the 
illustrated cylindrical configuration for the inner housing 18 is achieved by cutting an 
appropriate length from hypodermic needle stock. The inner housing 18 also may be fabricated 

15 into the desired/required shape by LIGA. Any way of making the inner housing 18 may be 
utilized. It should also be appreciated that the inner housing 18 may include one or more 
coatings as desired/required as well (e.g., an electroplated metal). 

The outer housing 14 likewise is only schematically represented in Figures 1-2, and it 
may be of any appropriate shape/configuration, of any appropriate size, and formed from any 

20 material or combination of materials (e.g., the outer housing 14 may be formed from a rigid 
material, a deformable material, or a combination of rigid and deformable materials). One 
embodiment of the filter assembly 10 is in the form of an implant (e.g., a shunt for controlling 
intraocular pressure in the eye; a shunt for controlling cranial pressure). In this regard, the outer 
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housing 14 could be in the form of the devices disclosed in U.S. Patent Application Publication 
No. US 2003/0212383 Al, entitled "System and Methods for Reducing Intraocular Pressure'\ 
published on November 13, 2003; U.S. Patent No. 3,788,327, entitled " Surgical Implant 
Device", issued January 29, 1974, as well as other similar devices. One or more coatings may be 

5 applied to the outer housing 14 as well if desired/required. 

Another embodiment of a filter assembly is illustrated in Figures 3A-B (only schematic 
representations), and is identified by reference numeral 26. The filter assembly 26 may be used 
for any appropriate application (e.g., the filter assembly 26 may be disposed in a flow of any 
type, may be used to filter a fluid of any type, may be located between any pair of fluid or 

10 pressure sources (including where one is the environment), or any combination thereof). 
Components of the filter assembly 26 include an outer housing 30, a first inner housing 34, a 
second inner housing 38, and a MEMS filter module 42. 

The MEMS filter module 42 is only schematically represented in Figures 3A-B, and 
provides at least a filtering function. That is, the MEMS filter module 42 may provide one or 

15 more additional functions as well, such as pressure regulation as will be discussed in more detail 
below in relation to the embodiments of Figures 6-13. The MEMS filter module 42 may be of 
any appropriate design, size, shape, and configuration, and further may be formed from any 
material or combination of materials that are appropriate for use by the relevant microfabrication 
technology. The main requirement of the MEMS filter module 42 is that it is a MEMS device. 

20 The first inner housing 34 includes a hollow interior or a flow path 36 that extends 

through the first inner housing 34. Similarly, the second inner housing 38 includes a hollow 
interior or a flow path 40 that extends through the second inner housing 38. The first inner 
housing 34 and the second inner housing 40 are disposed in end-to-end relation, with the MEMS 
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filter module 42 being disposed between adjacent ends of the first inner housing 34 and the 
second inner housing 38. As such, a flow progressing through the first flow path 36 to the 
second flow path 40, or vice versa, passes through the MEMS filter module 42. 

Preferably, the MEMS filter module 42 is maintained in a fixed position relative to each 
5 inner housing 34, 38. For instance, the MEMS filter module 42 may be bonded to at least one of, 
but more preferably both of, the first inner housing 34 (more specifically one end thereof) and 
the second inner housing 38 (more specifically one end thereof) to provide structural integrity for 
the MEMS filter module 42 (e.g., using cyanoacrylic esters, UV-curable epoxies, or other 
epoxies). In this regard, the inner housings 34, 38 will each typically be in the form of a 

10 structure that is sufficiently rigid to protect the attached MEMS filter module 42 from being 
damaged by the forces that reasonably could be expected to be exerted on the filter assembly 26 
during use in the application for which it was designed. Further in this regard, the perimeter of 
the MEMS filter module 42 preferably will not protrude beyond the adjacent sidewalls of the 
inner housings 34, 38 in the assembled and joined condition. 

15 Both the first inner housing 34 and second inner housing 38 are at least partially disposed 

within the outer housing 30 (thereby encompassing the outer housing 30 being disposed about 
either or both housings 34, 38 along the entire length thereof, or only along a portion of the 
length of thereof), again with the MEMS filter module 42 being located between the adjacent 
ends of the first inner housing 34 and the second inner housing 38. In this regard, the outer 

20 housing 30 includes a hollow interior 32 for receiving at least part of the first inner housing 34, 
at least part of the second inner housing 38, and the MEMS filter module 42 disposed 
therebetween, and possibly to provide other appropriate functionality (e.g., a flow path fluidly 
connected with the flow paths 36, 40 through the first and second inner housings 34, 38, 
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respectively). The outer and inner sidewalls of the outer housing 30 may be cylindrical or of any 
other appropriate shape, as may be the outer and inner sidewalls of the inner housings 34, 38. 
Both the first inner housing 34 and the second inner housing 38 may be secured to the outer 
housing 30 in any appropriate manner, including in the manner discussed above in relation to the 
inner housing 18 and the outer housing 14 of the embodiment of Figures 1-2. 

Each inner housing 34, 38 is likewise only schematically represented in Figures 3A-B, 
and each may be of any appropriate shape/configuration, of any appropriate size, and formed 
from any material or combination of materials in the same manner as the inner housing 18 of the 
embodiment of Figures 1-2. Typically the outer contour of both housings 34, 38 will be adapted 
to match the inner contour of the outer housing 30 in which they are at least partially disposed. 
In one embodiment, the illustrated cylindrical configuration for the inner housings 34, 38 is 
achieved by cutting an appropriate length from hypodermic needle stock. The inner housings 34, 
38 each also may be fabricated into the desired/required shape by LIGA. Any way of making the 
inner housings 34, 38 may be utilized. It should also be appreciated that the inner housings 34, 
38 may include one or more coatings as desired/required as well (e.g., an electroplated metal). 

The outer housing 30 is likewise only schematically represented in Figures 3A-B, and it 
may be of any appropriate shape/configuration, of any appropriate size, and formed from any 
material or combination of materials (e.g., the outer housing 30 may be formed from a rigid 
material, a deformable material, or a combination of rigid and deformable materials). One 
embodiment of the filter assembly 26 is in the form of an implant (e.g., a shunt for controlling 
intraocular pressure in the eye; a shunt for controlling cranial pressure). In this regard, the outer 
housing 26 could be in the form of the devices disclosed in U.S. Patent Application Publication 
No. US 2003/0212383 Al or U.S. Patent No. 3,788,327 noted above, as well as other similar 
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devices. One or more coatings may be applied to the outer housing 30 as well if 
desired/required. 

Another embodiment of a filter assembly is illustrated in Figures 4A-B (only schematic 
representations), and is identified by reference numeral 43. The filter assembly 43 may be used 

5 for any appropriate application (e.g., the filter assembly 43 may be disposed in a flow of any 
type, may be used to filter a fluid of any type, may be located between any pair of fluid or 
pressure sources (including where one is the environment), or any combination thereof). 
Components of the filter assembly 43 include the above-noted housing 34 and the MEMS filter 
module 42 from the embodiment of Figures 3A-B. In the case of the filter assembly 43, the 

10 MEMS flow module 42 is attached or bonded to one end of the housing 34 (e.g., using 
cyanoacrylic esters, UV-curable epoxies, or other epoxies). The filter assembly 43 may be 
disposed within an outer housing in the manner of the embodiments of Figures 1-3B, or could be 
used "as is." 

The general construction of one embodiment of a MEMS flow module ( a MEMS device) 
15 is illustrated in Figures 5A-B, is identified by reference numeral 44, and provides both filtration 
and pressure regulation capabilities. Therefore, the MEMS flow module 44 of Figures 5A-B 
may be used by the filter assemblies 10, 26, and 43 of Figures 1-4B. Although the MEMS flow 
module 44 is illustrated as having a circular configuration in plan view, any appropriate 
configuration may be utilized and in any appropriate size. 
20 The MEMS flow module 44 of Figures 5A-B includes a lower plate 52, a vertically 

spaced upper plate 48, and at least one annular support 54. "Annular" means that the support(s) 
54 extends 360 degrees about a reference axis to define a closed perimeter for the MEMS flow 
module 48. Any configuration may be used to define this annular extent for the annular 
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support(s) 54 (e.g., square, rectangular, circular, oval). The annular support(s) 54 provides a 
certain amount of structural rigidity for the MEMS flow module 44 about its perimeter. The 
annular support(s) 54 also maintains the lower plate 52 and upper plate 48 in spaced relation 
such that the lower plate 52, upper plate 48, and the innermost annular support 54 collectively 
define an enclosed space 46 for receiving a fluid flow. Multiple, laterally spaced annular 
supports 54 (e.g., concentrically disposed) may be used as well. 

The lower plate 52 includes at least one lower flow port 53, while the upper plate 48 
includes at least one upper flow port 50. All lower flow ports 53 and all upper flow ports 50 are 
disposed inwardly of the innermost annular support 54. That is, the annular support(s) 54 also 
provides a seal in the radial or lateral dimension, thereby forcing the flow through the various 
upper flow ports 50 and/or lower flow ports 53. Providing multiple, radially or laterally spaced 
annular supports 54 further reduces the potential for any flow escaping from the enclosed space 
46 other than through one or more upper flow ports 50 or one or more lower flow ports 53. 

Each lower flow port 53 may be fluidly connected with a common first source 55 in any 
appropriate manner, while each upper flow port 50 may be fluidly connected with a common 
second source 56 in any appropriate manner. Typically the first source 55 will be at a higher 
pressure than the second source 56, although such may not be required in all instances. In any 
case, each source 55, 56 may be of any appropriate type (e.g., man-made, biological, the 
environment), may contain any appropriate type of fluid or combination of fluids, may be of any 
appropriate size, and may be of any appropriate configuration. In one embodiment, both sources 
55 are man-made reservoirs. Another embodiment has one of the sources 55, 56 being a 
biological reservoir (e.g., an anterior chamber of a human eye; a cranial reservoir or chamber), 
with the other source 55, 56 being the environment or a man-made reservoir. For instance, the 
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MEMS flow module 44 may be used by an implant to relieve intaocular or cranial pressure, may 
be used to deliver a drug or a combination of drugs to any source, or may be adapted for any 
appropriate application. 

A tuning element (not shown) is disposed in the enclosed space 46 of the MEMS flow 

5 module 44, preferably in spaced relation to each of the lower plate 52 and the upper plate 48. 
Generally and as will be discussed in relation to the embodiments of Figures 6-13, this tuning 
element provides both a filtering function and a pressure regulation function. The MEMS flow 
module 44 accommodates a flow of at least some type in either direction, as indicated by the 
double-headed arrow in Figure 5B. The pressure regulation function may be provided for a flow 

10 in one direction through the MEMS flow module 44 (e.g., from the first source 55 to the second 
source 56), while the filtration function may be provided for a flow in the opposite direction 
through the MEMS flow module 44 (e.g., from the second source 56 to the first source 55). 

The lower plate 52 and the upper plate 48 are parallel to each other. The above-noted 
tuning element (at least the general lateral extent thereof) will also be disposed in parallel and 

15 preferably spaced relation to each of the lower plate 52 and upper plate 48 (e.g., Figures 6-13 to 
be discussed below). The MEMS flow module 44 may be fabricated by surface micromachining. 
In this regard, each of the lower plate 52, the upper plate 48, and the noted tuning element will be 
in the form of a film, typically having a thickness of no more than about 10 microns. In addition, 
the lower plate 52 and the upper plate 48 may be fabricated by surface micromachining so as to 

20 be separated by a distance of no more than about 20 microns. Although the flow module 44 may 
be fabricated by surface micromachining in various dimensions to suit the particular application 
in which it is being used, in one embodiment the volume of the enclosed space 46 is no more 
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than about 0.002 cm 3 and the surface area encompassed by the perimeter of each of the lower 
plate 52 and the upper plate 48 is no more than about 1 cm 2 . 

The preferred fabrication technique for the MEMS flow module 44, and the variations 
thereof to be addressed below, is surface micromachining. Surface micromachining generally 

5 entails depositing alternate layers of structural material and sacrificial material using an 
appropriate substrate (e.g., a silicon wafer) which functions as the foundation for the resulting 
microstructure. Various patterning operations (collectively including masking, etching, and 
mask removal operations) may be executed on one or more of these layers before the next layer 
is deposited so as to define the desired microstructure. After the microstructure has been defined 

10 in this general manner, all or a portion of the various sacrificial layers are removed by exposing 
the microstructure and the various sacrificial layers to one or more etchants. This is commonly 
called "releasing" the microstructure from the substrate, typically to allow at least some degree 
of relative movement between the microstructure and the substrate. One particularly desirable 
surface micromachining technique is described in U.S. Patent No. 6,082,208, that issued July 4, 

15 2000, that is entitled "Method For Fabricating Five-Level Microelectromechanical Structures and 
Microelectromechanical Transmission Formed," and the entire disclosure of which is 
incorporated by reference in its entirety herein (hereafter the '208 Patent). 

The term "sacrificial layer or film" as used herein means any layer or portion thereof of 
any surface micromachined microstructure that is used to fabricate the microstructure, but which 

20 does not exist in the final configuration. Exemplary materials for the sacrificial layers described 
herein include undoped silicon dioxide or silicon oxide, and doped silicon dioxide or silicon 
oxide ("doped" indicating that additional elemental materials are added to the film during or after 
deposition). The term "structural layer or film" as used herein means any other layer or portion 



-20- 



Attorney Docket No. 50060-00141 

thereof of a surface micromachined microstructure other than a sacrificial layer and a substrate 
on which the microstructure is being fabricated. The "plates' 1 and "tuning element" of the 
various MEMS flow modules to be described herein may be formed from such a structural layer 
or film. Exemplary materials for the structural layers described herein include doped or undoped 

5 polysilicon and doped or undoped silicon. Exemplary materials for the substrates described 
herein include silicon. The various layers described herein may be formed/deposited by 
techniques such as chemical vapor deposition (CVD) and including low-pressure CVD 
(LPCVD), atmospheric-pressure CVD (APCVD), and plasma-enhanced CVD (PECVD), thermal 
oxidation processes, and physical vapor deposition (PVD) and including evaporative PVD and 

10 sputtering PVD, as examples. 

In more general terms, surface micromachining can be done with any suitable system of a 
substrate, sacrificial film(s) or layer(s) and structural film(s) or layer(s). Many substrate 
materials may be used in surface micromachining operations, although the tendency is to use 
silicon wafers because of their ubiquitous presence and availability. The substrate is essentially 

15 a foundation on which the microstructures are fabricated. This foundation material must be 
stable to the processes that are being used to define the microstructure(s) and cannot adversely 
affect the processing of the sacrificial/structural films that are being used to define the 
microstructure(s). With regard to the sacrificial and structural films, the primary differentiating 
factor is a selectivity difference between the sacrificial and structural films to the 

20 desired/required release etchant(s). This selectivity ratio is preferably several hundred to one or 
much greater, with an infinite selectivity ratio being preferred. Examples of such a sacrificial 
film/structural film system include: various silicon oxides/various forms of silicon; poly 
germanium/poly germanium-silicon; various polymeric films/various metal films (e.g., 
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photoresist/aluminum); various metals/various metals (e.g., aluminum/nickel); 
polysilicon/silicon carbide; silicone dioxide/polysilicon (i.e., using a different release etchant like 
potassium hydroxide, for example). Examples of release etchants for silicon dioxide and silicon 
oxide sacrificial materials are typically hydrofluoric (HF) acid based (e.g., undiluted or 

5 concentrated HF acid, which is actually 49 wt% HF acid and 51 wt% water; concentrated HF 
acid with water; buffered HF acid (HF acid and ammonium fluoride)). 

Various embodiments in accordance with the above-noted parameters of the MEMS flow 
module 44 are illustrated in Figures 6-13. Each of these embodiments illustrates a tuning 
element of the above-noted type. Unless otherwise noted, the discussion on the MEMS flow 

10 module 44 and the various individual components thereof is equally applicable to these designs. 
Although the preferred design is for each of these MEMS flow modules to include an upper plate 
and at least one annular support, such may not be required for all applications for which these 
MEMS flow modules are appropriate. Moreover, the timing element in each of these 
embodiments is preferably always in spaced relation to the underlying lower plate, which has at 

15 least one lower flow port. However, each of these embodiments also could be designed so that 
the tuning element is disposed directly on the lower plate until at least a certain pressure is 
exerted thereon, after which it would move into spaced relation with the lower plate to define a 
flow channel to accommodate a change in direction of the flow within the MEMS flow module. 
Each of these MEMS flow modules may be designed for a laminar flow therethrough, although 

20 each such MEMS flow module may be applicable for a turbulent flow therethrough as well. 

One embodiment of a MEMS flow module is illustrated in Figure 6 and identified by 
reference numeral 58. The MEMS flow module 58 includes an upper plate 62, a lower plate 70 
that is parallel with the upper plate 62, and at least one annular support 54 of the type used in the 
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embodiment of Figures 5 A-B (not shown in Figure 6). The annular support(s) 54 provides the 
same function as in the case of the embodiment of Figures 5A-B, including maintaining the 
upper plate 62 and lower plate 70 in spaced relation such that the upper plate 62, lower plate 70, 
and the innermost annular support 54 collectively define an enclosed space 60. The upper plate 

5 62 includes a plurality of upper flow ports 66, while the lower flow plate 70 includes at least one 
lower flow port 74. The flow ports 66, 70 may be of any appropriate configuration and/or size. 
All upper flow ports 66 and all lower flow ports 74 are disposed inwardly of the innermost 
annular support 54. That is, each annular support(s) 54 also provides a seal in the radial or 
lateral dimension, thereby forcing the flow through the various upper flow ports 66 and/or lower 

10 flow port(s) 74. Providing multiple, radially or laterally spaced annular supports 54 further 
reduces the potential for any flow escaping from the enclosed space 60 other than through one or 
more upper flow ports 66 or one or more lower flow ports 74. 

At least one tuning element 78 is disposed in the enclosed space 60 in spaced and parallel 
relation to each of the upper plate 62 and lower plate 70, and may be of any appropriate shape in 

15 plan view (looking down on the tuning element 78 in the view presented in Figures 6). The 
tuning element 78 is supported above the lower plate 70 by a plurality of springs 82 of any 
appropriate size and configuration (only schematically shown). The main requirement of the 
springs 82 is that they allow the tuning element 78 to move to provide a desired pressure 
regulation function in the manner addressed in more detail below. Generally, the tuning element 

20 78 is able to move relative to the lower plate 70 by a bending or some other deformation 
(typically elastic) of the various springs 82 and in response to a change in the pressure being 
exerted by a flow entering the MEMS flow module 58 through its corresponding lower flow 
port(s) 74 on the side of the tuning element 78 that faces the lower plate 70. In this regard, the 
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tuning element 78 may be characterized as a rigid structure, in that a flow into the MEMS flow 
module 58 will deform its corresponding springs 82 before deforming the tuning element 78. 

The tuning element 78 is disposed above at least one lower flow port 74 (e.g., in 
overlying, but preferably spaced relation). If the tuning element 78 is disposed above multiple 

5 lower flow ports 74, preferably these lower flow ports 74 would be symmetrically positioned 
such that a flow entering the enclosed space 60 through such multiple lower flow ports 74 would 
exert a force on the tuning element 78 in a manner that would allow the tuning element 78 to at 
least substantially maintain its orientation during any movement of the tuning element 78 in 
providing the desired pressure regulation function. In any case, the existence of the tuning 

10 element 78 within the enclosed space 60 means that no flow proceeds through the MEMS flow 
module 58 along a purely linear path. That is, the tuning element 78 induces flow along a non- 
linear path within the enclosed space 60 by inducing at least one change in direction of the flow 
before exiting the MEMS flow module 58. In the illustrated embodiment, the flow is required to 
reach the perimeter of the tuning element 78 before it can again flow in the direction of the upper 

15 plate 62. In this regard, it is believed to be desirable to position one, and more preferably a 
plurality of, upper flow ports 66 at or slightly beyond the perimeter of the tuning element 78 (and 
positioned about the tuning element 78 at reasonable intervals) to reduce the overall length of the 
flow path through the MEMS flow module 58. A purely linear flow path (geometrically) 
through the MEMS flow module 58 does not exist absent some type of failure, since the tuning 

20 element 78 redirects flow entering the MEMS flow module 58 through the lower flow port(s) 74. 

Any flow entering the enclosed space 60 through any lower flow port 74 must pass 
through a flow channel 80, which is the gap between the corresponding tuning element 78 and 
the lower plate 70. This flow channel 80 preferably exists at all times. Stated another way, the 
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MEMS flow module 58 preferably is not designed for the tuning element 78 to ever be disposed 
against the lower plate 70, which would at least in effect terminate a flow into the enclosed space 
60 through a lower flow port 74 being occluded by the tuning element 78. This "constantly 
open 1 ' flow channel 80 is beneficial in at least number of respects. One is that a configuration 

5 where the tuning element 78 is always maintained in spaced relation to the lower plate 70 is 
more readily fabricated by surface micromachining. Another relates to the case where the 
MEMS flow module 58 is used to relieve intraocular pressure in an eye (e.g., by being 
incorporated into an eye implant). In this case, the lower plate 70 of the MEMS flow module 58 
would be on the "patient side," and the upper plate 62 would be on the "environment" side (e.g., 

10 the flow of aqueous humor out of the anterior chamber of the patient's eye through the MEMS 
flow module 58 in this case would be through one or more lower flow ports 74, into the enclosed 
space 60, and out one or more upper flow ports 66). Having the flow channel 80 exist at all 
times (such that is always has a volume greater than zero) is believed to at least generally mimic 
the flow of aqueous humor out of the anterior chamber of a patient's eye through the eye's canal 

15 of Schlemm. However, the MEMS flow module 58 could be designed so that the tuning element 
78 is disposed directly on the lower plate 70 until at least a certain pressure is exerted thereon 
(e.g., a pressure "set point"), after which it would move into spaced relation with the lower plate 
70 to define the flow channel 80. 

Typically the MEMS flow module 58 will be used in an application where a high 

20 pressure source P H (e.g., the anterior chamber of a patient's eye) fluidly connects with the 
enclosed space 60 through one or more lower flow ports 74, while a low pressure source Pl (e.g., 
the environment) fluidly connects with the enclosed space 60 through one or more upper flow 
ports 66. A change in the pressure from the high pressure source Ph may cause the tuning 
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element 78 to move relative to the lower plate 70, which thereby changes the size of the flow 
channel 80. Preferably, a very small change in this pressure will allow for greater than a linear 
change in the flow rate out of the MEMS flow module 58 through the upper flow port(s) 66. For 
instance, a small increase in the pressure of the high pressure source Ph may increase the height 

5 of the flow channel 80 (by the springs 82 allowing the tuning element 78 to move further away 
from the lower plate 70) to provide more than a linear increase in the flow rate through the flow 
channel 80, and thereby through the MEMS flow module 58. That is, there is a non-linear 
relationship between the flow rate exiting the MEMS flow module 58 and the pressure being 
exerted on the tuning element 78 by a flow entering the MEMS flow module 58 from the high 

10 pressure source P H . The flow rate through the flow channel 80 should be a function of at least 
the cube of the height of the flow channel 80 (in the case of laminar flow, which is typically 
encountered at these dimensions and flow rates). Therefore, even a small change in the height of 
the flow channel 80 (e.g., due to even a small change in the pressure acting on the tuning element 
78 from the high pressure source Ph) will cause at least a cubic change in the flow rate through 

15 the flow channel 80. 

Consider the case where the filter module 58 is used in an implant to regulate the pressure 
in the anterior chamber of a patient's eye that is diseased, and where it is desired to maintain the 
pressure within the anterior chamber of this eye at about 5 mm of HG. The MEMS flow module 
58 may be configured such that it will adjust the flow rate out of the anterior chamber and 

20 through the module 58 such that the maximum pressure within the anterior chamber of the 
patient's eye should be no more than about 7-8 mm of HG (throughout the range for which the 
filter module 58 is designed). Stated another way, the filter module 58 allows for maintaining at 
least a substantially constant pressure in the anterior chamber of the patient's eye (the high 



-26- 



Attorney Docket No. 50060-00141 

pressure source P H in this instance), at least for a reasonably anticipated range of pressures 
within the anterior chamber of the patient's eye. In order to account for unanticipated increases 
in pressure in the high pressure source P H , the upper plate 62 includes at least one overpressure 
stop 64 for each tuning element 78 to limit the maximum spacing between the tuning element 78 

5 and the lower plate 70. This then provides a limit on the maximum height of the flow channel 
80, and thereby the maximum flow rate through the filter channel 80 for a certain pressure. That 
is, at least one overpressure stop 64 exists on the surface of the upper plate 62 that faces the 
lower plate 70, in vertical alignment with its corresponding tuning element 78. Each 
overpressure stop 64 may be of any appropriate size and/or shape (e.g., in the form of a post). 

10 The tuning element 78 provides a pressure regulation function in the above-noted 

manner. It also provides a filtering function. One could say the MEMS flow module 58 
provides a pressure regulation function for a flow into the enclosed space 60 through one or more 
lower flow ports 74 and in the direction of the low pressure source Pl, and a filtering function for 
a flow into the enclosed space 60 through one or more upper flow ports 66 and in the direction of 

15 the high pressure source Ph. Generally, since the height of the flow channel 80 is preferably 
always greater than zero, this flow channel 80 also functions as a filter trap gap for any "flow" 
entering the enclosed space 60 through one or more of the upper flow ports 66 that is attempting 
to proceed toward the high pressure source Ph. Any constituent in this "flow" having an 
effective diameter that is larger than the height of the flow channel 80 should be filtered out of 

20 this "flow", and should be unable to pass through the flow channel 80 and out of the enclosed 
space 60 through any lower filter port 74. That is, the size of the flow channel 80 at the 
perimeter of the tuning element 78 should prohibit constituents of larger than a certain size from 
entering the flow channel 80 and proceeding out of the MEMS flow module 58 through the 
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lower flow port 74. In the case where the filter module 58 is used in an eye implant to regulate 
intraocular pressure, the maximum height of the flow channel 80 is about 0.5 micron based upon 
the overpressure stop 64, although the maximum height of the flow channel 80 for the reasonably 
expected differential pressures to which the tuning element 78 will be exposed for this 

5 application is about 0.4 micron. As such, it is unlikely that undesired bacteria should be able to 
pass through the flow channel 80 and out of the enclosed space 60 through a lower flow port 74 
and into the anterior chamber of the patient's eye for the reasonably expected pressures within 
the anterior chamber of the patient's eye for which the MEMS flow module 58 is designed. 

There are a number of features and/or relationships that contribute to the pressure 

10 regulation function of the MEMS flow module 58, and that warrant a summarization. First is 
that the MEMS flow module 58 is a passive device - no external signal of any type need be used 
to move the tuning element 78 relative to the lower plate 70 to provide its pressure regulation 
function. Instead, the position of the tuning element 78 relative to the lower plate 70 is 
dependent upon the pressure being exerted on the lower plate 70 by a flow entering the MEMS 

15 flow module 58 through the lower flow port(s) 74, and the flow rate out of the MEMS flow 
module 58 is in turn dependent upon the position of the tuning element 78 relative to the lower 
plate 70 (the vertical spacing therebetween, and thereby the size of the flow channel 80). The 
tuning element 78 is aligned with at least one lower flow port 74 for receiving a fluid from the 
high pressure source Ph. That is, the tuning element 78 is positioned such that a flow proceeding 

20 along the direction in which it is initially introduced into the enclosed space 60 of the MEMS 
flow module 58 will contact the tuning element 78 (e.g., the streamlines of this flow immediately 
before proceeding through the lower flow port 74 will intersect the tuning element 78). Further 
in this regard, the tuning element 78 is positioned such that this flow acts orthogonally on the 
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tuning element 78. Stated another way, the force exerted on the tuning element 78 from any 
flow entering the MEMS flow module 58 from the high pressure source Ph exerts a normal force 
on the tuning element 78 (e.g., the streamlines of the flow just prior to flowing through the 
corresponding lower flow port 74 will be perpendicular to the surface of the tuning element 78 

5 that is aligned with this flow). 

The position of the tuning element 78 within the enclosed space 60 of the MEMS flow 
module 58 is dependent upon the pressure being exerted on the tuning element 78 by a flow 
entering the MEMS flow module 58 from the lower flow port(s) 74 - that is from the high 
pressure source Ph. At least a certain increase in this pressure will move the tuning element 78 

10 further away from the lower plate 70 (increasing the size of the flow channel 80), while 
subsequent decreases in this pressure will move the tuning element 78 closer to the lower plate 
70 (reducing the size of the flow channel 80). This movement of the tuning element 78 is subject 
to a number of characterizations. One is that the orientation of the tuning element 78 relative to 
other components of the MEMS flow module 58 is at least substantially maintained during this 

15 movement. Another is that at least the general extent of the upper surface of the tuning element 
78 is maintained in parallel relation with the lower plate 70 during this movement. Another is 
that the tuning element 78 moves only at least substantially axially within the MEMS flow 
module 58 (e.g., along an axis that is collinear or parallel with the direction of the flow (e.g., its 
streamlines) entering the MEMS flow module 58 through the lower flow port(s) 74). Another is 

20 that the distance between the tuning element 78 and the lower plate 70 changes by at least 
substantially the same amount across the entirety of the surface of the tuning element 78 that 
faces the upper surface of the lower plate 70. Yet another is that the cross-sectional area of the 
flow channel 80 (the space between the tuning element 78 and the lower plate 70) changes at 
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least substantially proportionally in the lateral dimension or along the length of the flow channel 
80. 

Regardless of the vertical position of the tuning element 78 within the MEMS flow 
module 58, the tuning element 78 redirects a flow entering the MEMS flow module 58 through 

5 the lower flow port(s) 74 before exiting the MEMS flow module 58 through the upper flow ports 
66. The pressure of a flow from the high pressure source Ph acts orthogonally on the tuning 
element 78, and then is redirected (at least generally 90 degrees in the illustrated embodiment) 
through the flow channel 80 (the space between the tuning element 78 and the lower plate 70. 
That is, a flow from the high pressure source Ph must flow laterally along a flow channel 80 a 

10 certain distance before reaching the perimeter of the tuning element 78. Stated another way, a 
primary component of the direction of this flow through the flow channel 80 is toward the 
annular support(s) 54 versus toward the upper plate 62. 

Once a flow from the high pressure source Ph reaches the perimeter of the tuning element 
78, it will then undergo another change in direction to flow toward the upper plate 62 and out of 

15 the MEMS flow module 58 through one or more of the upper flow ports 66. Preferably, at least 
a portion of the flow is able to proceed along an axial path (at least generally parallel to the 
direction of the flow as it originally entered the enclosed space 60 through the lower flow port(s) 
74) from the perimeter of the tuning element 78 to an upper flow port 66 in the upper plate 62. 
The actual flow rate out of the upper flow port(s) 66 again is dependent upon the position of the 

20 tuning element 78 relative to the lower plate 70. The flow rate out of the MEMS flow module 58 
will increase as the spacing between the tuning element 78 and the lower plate 70 increases, and 
will decrease as the spacing between the tuning element 78 and the lower plate 70 decreases. 
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The MEMS flow modules of Figures 7-13 use the same basic operational fundamentals 
as the MEMS flow module 58 of Figure 6, and such will not be repeated in relation to each of 
these designs. Specifically, the discussion of the tuning element 78 of Figure 6 is equally 
applicable to the tuning elements in the MEMS flow modules of Figures 7-13. That is, the 

5 tuning element of the MEMS flow modules of Figures 7-13 are each subject to the 
characterizations of the tuning element 78 of Figure 6, including in relation to all aspects thereof 
to its movement for providing a pressure regulation function. 

Another embodiment of a MEMS flow module is illustrated in Figures 7A-B and 
identified by reference numeral 86. The MEMS flow module 86 includes an upper plate 90, a 

10 lower plate 102 that is parallel with the upper plate 90, and at least one annular support 54 of the 
type used in the embodiment of Figures 5A-B (not shown in Figure 7A). The annular support(s) 
54 maintains the upper plate 90 and lower plate 102 in spaced relation such that the upper plate 
90, lower plate 102, and the innermost annular support 54 collectively define an enclosed space 
88. The upper plate 90 includes a plurality of upper flow ports 98, while the lower flow plate 

15 102 includes a plurality of lower flow ports 106. The flow ports 98, 106 may be of any 
appropriate size and/or shape. All upper flow ports 98 and all lower flow ports 106 are disposed 
inwardly of the innermost annular support 54. That is, each annular support(s) 54 also provides a 
seal in the radial or lateral dimension, thereby forcing the flow through the various upper flow 
ports 98 and/or lower flow ports 106. Providing multiple, radially or laterally spaced annular 

20 supports 54 would further reduce the potential for any flow escaping from the enclosed space 88 
other than through one or more upper flow ports 98 or one or more lower flow ports 106. 

At least one tuning element 110 is disposed in the enclosed space 88 in spaced and 
parallel relation to each of the upper plate 90 and lower plate 102 (only one shown), and may be 
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of any appropriate shape in plan view (looking down on the tuning element 110 in the view 
presented in Figure 7 A). The tuning element 110 is supported above the lower plate 102 by a 
plurality of springs 122 of any appropriate size and configuration (only schematically shown). 
The main requirement of the springs 122 is that they allow the tuning element 110 to move to 

5 provide a desired pressure regulation function in the manner discussed above in relation to the 
embodiment of Figure 6. Generally, the tuning element 122 is able to move relative to the lower 
plate 102 by a bending or some other deformation (typically elastic) of the various springs 122 
and in response to a change in the pressure being exerted by a flow entering the MEMS flow 
module 86 through its corresponding lower flow port(s) 106 on the side of the tuning element 

10 110 that faces the lower plate 70. In this regard, the tuning element 110 may be characterized as 
a rigid structure, in that a flow into the MEMS flow module 86 will deform its corresponding 
springs 122 before deforming the tuning element 110. 

The movement of the tuning element 110 away from and toward the lower plate 102 to 
provide a pressure regulation function again is one where the tuning element 110 at least 

15 substantially maintains its orientation relative to the lower plate 102. The upper plate 90 
includes a plurality of overpressure stops 94 for each tuning element 110 to again limit the 
maximum travel of the tuning element 110 away from the lower plate 102 (to provide a 
maximum height of a flow channel 1 12 - that is, the space between the tuning element 110 and 
the lower plate 102). Each such overpressure stop 94 may be of any appropriate size and/or 

20 shape (e.g., a post). 

The tuning element 110 is disposed above a plurality of lower flow ports 106 (e.g., in 
overlying, but spaced relation). Preferably, this plurality of lower flow ports 106 are 
symmetrically positioned such that a flow entering the enclosed space 88 through such multiple 
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lower flow ports 106 exerts a force on the tuning element 1 10 in a manner that allows the tuning 
element 1 10 to at least substantially maintain its orientation relative to the upper plate 90 and the 
lower plate 102. In any case, the existence of the tuning element 1 10 within the enclosed space 
88 means that no flow through the MEMS flow module 86 is along a purely linear path. That is, 

5 the tuning element 1 10 induces flow along a non-linear path (geometrically) within the enclosed 
space 88 by inducing at least one change in direction of the flow before exiting the MEMS flow 
module 86. In this regard, the tuning element 110 includes a plurality of tuning element flow 
ports 118. However, no tuning element flow port 118 is vertically aligned with any lower flow 
port 106. As such, flow entering the enclosed space 88 through a particular lower flow port 106 

10 must flow in the radial or lateral dimension through a flow channel 112 before reaching a tuning 
element flow port 118 of its corresponding tuning element 110 or the perimeter of the tuning 
element 110. In the illustrated embodiment, an upper flow port 98 is vertically aligned with each 
tuning element flow port 118 and a number of upper flow ports 98 are disposed at or slightly 
beyond a location in the lateral dimension corresponding with the perimeter of the tuning 

15 element 1 10 to reduce the overall length of the flow path through the MEMS flow module 86. A 
purely linear flow path (geometrically) through the MEMS flow module 86 does not exist absent 
some type of failure, since the tuning element 110 redirects flow entering the MEMS flow 
module 86 through the lower flow port(s) 106. 

Any flow entering the enclosed space 88 through any lower flow port 106 must pass 

20 through a flow channel 1 12, which is the gap between the corresponding tuning element 110 and 
the lower plate 102. This flow channel 112 preferably exists at all times in the same manner as 
the flow channel 80 in the Figure 6 embodiment discussed above. However, the tuning element 
110 could be designed to be in contact with the lower plate 102 until a certain pressure "set 



-33- 



Attorney Docket No. 50060-00141 

point 11 is reached, after which the tuning element 110 would move into spaced relation with the 
lower plate 102. In any case, flow entering the MEMS flow module 86 through the lower flow 
ports 106 is redirected by the tuning element 110 into the flow channel 112. Thereafter, the 
flow undergoes another change in direction to flow through one or more of the tuning element 

5 flow ports 1 18 or around the perimeter of the tuning element 1 10 in order to exit the MEMS flow 
module 86 through one or more of the upper flow ports 98. 

The tuning element 110 also includes an annular filter wall 114 for each lower flow port 
106. "Annular" simply means that the filter wall 114 extends a full 360 degrees about a certain 
reference axis to provide a closed perimeter (see Figure 7B). Any configuration that provides 

10 this annular extent may be utilized (e.g., circular, square, rectangular, triangular). The filter 
walls 1 14 are disposed on a surface of the tuning element 110 that faces the lower plate 102. The 
area encompassed by projecting each filter wall 114 onto the lower plate 102 encompasses the 
corresponding lower flow port 106 (see Figure 7B). The gap between a particular filter wall 1 14 
and the underlying structure (e.g., the lower plate 102) filters a flow into the MEMS flow module 

15 86 that attempts to proceed through this gap in order to exit the MEMS flow module 86 through 
one or more lower flow ports 106. Any configuration of a filter wall 114 that provides a 
restricted flow into its corresponding lower flow port 106 may be utilized (e.g., Figures 1 1B-C). 

Another embodiment of a MEMS flow module is illustrated in Figure 8 and identified by 
reference numeral 126. The only difference between the MEMS flow module 126 of Figure 8 

20 and the MEMS flow module 86 of Figures 7A-B is that there are no overpressure stops on the 
upper plate 90 1 in the case of the MEMS flow module 126 (therefore, a "single prime" 
designation is used in relation to upper plate 90' in Figure 8). Therefore, the travel of the tuning 
element 1 10 away from the lower plate 102 will be limited by engagement with the upper plate 
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90 f in the case of the MEMS flow module 126. Since there is a change in the inner volume 
within the MEMS flow module 126 by the removal of the overpressure stops 94, the enclosed 
space 88' also uses the "single prime" designation. 

Another embodiment of a MEMS flow module is illustrated in Figure 9 and identified by 

5 reference numeral 138. The only difference between the MEMS flow module 138 of Figure 9 
and the MEMS flow module 126 of Figure 8 is that there are no filter walls 114 on the tuning 
element 110' in the case of the MEMS flow module 138 (therefore, a "single prime" designation 
is used in relation to tuning element 110 1 in Figure 9). Since there is a change in the inner 
volume within the MEMS flow module 136 from that of the MEMS flow module 126, the 

10 enclosed space 88" in Figure 9 also uses a "double prime" designation. 

Another embodiment of a MEMS flow module is illustrated in Figure 10 and identified 
by reference numeral 168. This MEMS flow module 168 is similar to that discussed above in 
relation to Figure 6. However, there are a number of differences between the MEMS flow 
module 168 of Figure 10 and the MEMS flow module 58 of Figure 6. One is that the tuning 

15 element 78' is larger in the lateral dimension and is disposed over multiple lower flow ports 74 
(therefore, a "single prime" designation is used in relation to tuning element 78 f in Figure 10). 
Since the flow channel 80' has a larger extent in the lateral dimension as well in the case of the 
MEMS flow module 168 of Figure 10, it is identified using a "single prime" designation. Yet 
another distinction is that the tuning element 78' includes a plurality of tuning element flow ports 

20 170. These tuning port flow ports 170 could be vertically aligned with an upper flow port 66 in 
the manner of the embodiments of Figures 7A-B, 8 and 9, but are offset from the lower flow 
ports 74. The arrows in Figure 10 illustrate the direction of the force being exerted on the tuning 
element 78' by a flow entering the MEMS flow module 168 through the lower flow ports 74. 
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Figure 1 1 A illustrates what may be characterized as a single tuning element unit cell 204 
that may define a single tuning element (Figures 1 1B-C) or that may be "tiled" to define a tuning 
element having a plurality of these tuning element unit cells 204 (e.g., tuning element 224 of 
Figure 12). The tuning element unit cell 204 includes a plurality of partial flow ports 208 on its 

5 perimeter. When disposed in abutting relation with one or more other tuning element unit cells 
204, adjoining partial flow ports 208 will collectively define a larger tuning element flow port. 
A protrusion 212 is centrally disposed in the tuning element unit cell 204. This protrusion is a 
solid, may be of any appropriate shape, and functions as a filter wall. 

Figures 1 1 A-B illustrates a tuning element 206 corresponding with a single unit cell 204. 

10 A lower plate 216 of a MEMS flow module at least generally in accordance with the foregoing 
includes a lower flow port 220 that is vertically aligned with the protrusion 212 on the tuning 
element 206. A flow channel 222 exists between the tuning element 206 and the lower plate 216 
in accordance with the foregoing. Although the sidewall of the lower flow ports 220 is ''slanted" 
in one orientation in Figures 1 1B-C, it could be disposed at any angle and including at a right 

15 angle to the upper and lower surfaces of the lower plate 216. In any case, the tuning element 206 
is suspended above the lower plate 216 by one or more suspension springs (not shown) in 
accordance with the foregoing. The position of the tuning element 206 illustrated in Figure 1 IB 
may correspond with the pressure acting on the tuning element 206 being below the "set point" 
of the MEMS flow module - that is, the pressure at which the tuning element 206 will begin to 

20 move away from the lower plate 216 to provide a pressure regulation function in the above-noted 
manner. Figure 1 1C may correspond with the tuning element 206 having moved its maximum 
distance from the lower plate 216. That is, Figure 11C may correspond with the maximum 
height of the flow channel 222, and thereby the maximum flow rate through the MEMS flow 
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module for a certain pressure acting on the tuning element 206 from a flow into the MEMS flow 
module through the lower flow port 220. The gap between the protrusion 212 and the lower 
plate 216 may be that which provides a filtering function for a flow proceeding through the flow 
channel 222 in a direction to exit the MEMS flow module through the lower flow port 220. 

Figure 12 illustrates one embodiment of a tuning element 224 defined by a plurality of 
tuning element unit cells of the type illustrated in Figures 11A-C. Although a ,, matrix t ' of 9 x 5 
unit cells 204 were tiled to define the tuning element 224, any appropriate number could be tiled 
per row and per column to provide a desired size/configuration. Those partial flow ports 208 on 
the perimeter of the various tuning element unit cells 204 that adjoin with a partial flow port 208 
of at least one other tuning element unit cell 204 to define a complete tuning element flow port 
226 are used by the tuning element 224. The partial flow ports 208 of those tuning element unit 
cells 204 disposed on a perimeter of the tuning element 224 were not formed since the flow can 
go around the perimeter of the tuning element 224 in the above-noted manner. 

A plurality of anchors 228 of any appropriate configuration are fixed to the lower plate 
216 and extend "upwardly" therefrom. A flexible beam 232 extends from each of these anchors 
228 and is attached to the tuning element 224, typically by a flexible interconnect 234 (e.g. to 
allow at least a certain degree of relative movement between the tuning element 224 and each 
flexible beam 232). One flexible beam 232 is disposed on each side of the tuning element 224 in 
the illustrated embodiment to dispose the tuning element 224 in spaced relation to the lower plate 
216, and further to allow the tuning element 224 to move toward and away from the lower plate 
216 by a flexing or bending of the various flexible beams 232. 

A plurality of tuning elements 224 may be used in combination in a single MEMS flow 
module. One such embodiment is illustrated in Figure 13, where a MEMS flow module 238 has 
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five of the tuning elements 224 disposed above a common lower plate 216. Any number of 
tuning elements 224 may be used, and in any desired/required arrangement. The various tuning 
elements 224 may also be of the desired/required size (e.g., formed from any number of tuning 
element unit cells 204). It should be noted that the MEMS flow module 238 does not use an 

5 upper plate of any kind. The "exit" from the MEMS flow module 238 will thereby be the flow 
around the perimeter of the tuning elements 224 or the tuning element flow ports 226 in the 
various tuning elements 224. Any of the other MEMS flow modules described herein also may 
be used without their corresponding upper plate if desired/required by a certain application. A 
single second upper plate with a plurality of second flow ports could be disposed in spaced 

10 relation to the various tuning elements 224, and further could be interconnected with the lower 
plate 216 by one or more annular supports 54 in the above-noted manner. 

The foregoing description of the present invention has been presented for purposes of 
illustration and description. Furthermore, the description is not intended to limit the invention to 
the form disclosed herein. Consequently, variations and modifications commensurate with the 

15 above teachings, and skill and knowledge of the relevant art, are within the scope of the present 
invention. The embodiments described hereinabove are further intended to explain best modes 
known of practicing the invention and to enable others skilled in the art to utilize the invention in 
such, or other embodiments and with various modifications required by the particular 
application(s) or use(s) of the present invention. It is intended that the appended claims be 

20 construed to include alternative embodiments to the extent permitted by the prior art. 
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